Introduction {#sec1}
============

Gastric cancer (GC) is one of the most common malignancies and a major cause of cancer-related death worldwide due to the limited therapeutic options, tumor metastasis, and the high frequency of tumor recurrence.[@bib1] In spite of the advances in diagnostic and surgical techniques and molecular targeting therapy, the 5-year overall survival rate for GC patients remains poor.[@bib2] The clinical stage, based on the tumor node metastasis (TNM) classification system, at the time of diagnosis is currently the most important prognostic factor. Furthermore, the molecular mechanism involved in progression and metastasis of gastric cancer remains poorly understood.[@bib3] Therefore, a better understanding of the molecular mechanisms underlying gastric carcinoma pathogenesis and progression is essential for the development of diagnostic markers and novel effective therapies for GC patients.

Recently, one of the most important discoveries at the genomic scale is that there are much more abundant non-coding transcripts in different species than previously imagined. Long noncoding RNAs (lncRNAs) are defined as transcripts longer than 200 nt without coding capacities. lncRNAs have appealed to a large group of researchers and become a main focus of attention. lncRNAs are now known to have many functions, acting as scaffolds or guides to regulate interactions between protein and genes, as decoys to bind proteins or microRNAs (miRNAs), and as enhancers to modulate transcription of their targets after being transcribed from enhancer regions or their neighboring loci.[@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9] Moreover, more studies have indicated that some discrepantly expressed lncRNAs possess significant regulatory effects on carcinogenesis and the development of cancer, demonstrating their potential roles in both oncogenic and tumor-suppressive pathways.[@bib9], [@bib10], [@bib11], [@bib12] In gastric cancer, lncRNAs PVT1, HOTAIR, ANRIL, and H19 are upregulated and promote cancer progression and metastasis through multiple mechanisms, including transcription regulation, miRNA sponging, and epigenetic modification.[@bib13]^,^[@bib14] Therefore, understanding the lncRNA-dependent gene-regulatory mechanisms may provide a greater understanding of cancer initiation and progression.

Urothelial cancer-associated 1 (UCA1) was located in human chromosome 19, and the transcript length was 2,314 bp. UCA1 was first identified by Wang et al.[@bib15] and was highly expressed in bladder transitional cell carcinoma (TCC), but not in normal tissues. Moreover, UCA1 has exhibited oncogenic properties in various types of cancer, including lung cancer, hepatocellular carcinoma, colorectal cancer, and hypopharyngeal carcinoma.[@bib16], [@bib17], [@bib18], [@bib19] Although previous studies have demonstrated that UCA1 may exert an oncogenic function in GC, the detailed molecular mechanism and global genes that were mediated by UCA1 have not yet been established.[@bib20] These reasons prompted us to explore the mechanism of UCA1 in human gastric cancer.

In this study, we discovered that the UCA1 expression levels were upregulated in gastric cancerous tissues compared with noncancerous tissues and UCA1 was a valuable prognostic predictor of gastric cancer. In addition, UCA1 could promote cell proliferation and metastasis both *in vitro* and *in vivo*. RNA sequencing (RNA-seq) analysis revealed that UCA1 knockdown preferentially affected genes that are linked to proliferation and migration-related genes. Furthermore, UCA1 could repress p21 and Sprouty RTK signaling antagonist 1 (SPRY1) transcription by binding to EZH2. Taken together, these results showed that UCA1 acted as an oncogene in gastric cancer cells and could be a novel biomarker in gastric cancer diagnosis and prognosis.

Results {#sec2}
=======

UCA1 Expression Was Upregulated and Correlated with Poor Prognosis of Gastric Cancer {#sec2.1}
------------------------------------------------------------------------------------

To investigate aberrant lncRNAs in GC, we first analyzed the expression levels of lncRNAs in human gastric cancer tissues by using raw microarray data downloaded from GEO (GEO: [GSE118897](ncbi-geo:GSE118897){#intref0010}). The results showed that the UCA1 expression levels were upregulated in gastric cancerous tissues compared with noncancerous tissues ([Figures 1](#fig1){ref-type="fig"}A and 1B). Many lncRNAs were reported in previous studies in GC. For example, AFAP1-AS1 could promote the proliferation, migration, and invasion of gastric cancer cells.[@bib21] Our previous work found that FOXD2-AS1 could promote carcinogenesis of GC by epigenetically silencing EphB3 through EZH2 and LSD1 and higher FOXD2-AS1 is correlated with poorer outcomes.[@bib22] To further validate this result, we analyzed RNA-seq data (from TCGA \[The Cancer Genome Atlas\]) of lncRNAs of gastric cancer were from TANRIC (<https://bioinformatics.mdanderson.org/public-software/tanric/>).[@bib23] The results revealed that UCA1 was also overexpressed in paired and unpaired gastric cancer tissues ([Figures 1](#fig1){ref-type="fig"}C and 1D).Figure 1Screening UCA1 by Bioinformatics Analysis and Its Expression in GC Tissues and Clinical Parameters(A) Relative expression of UCA1 in human gastric cancerous tissues compared with noncancerous tissue via GEO: [GSE118897](ncbi-geo:GSE118897){#intref0030} data analysis. (B) UCA1 expression levels were analyzed in 10 paired human gastric cancer tissues and normal tissues from GEO: [GSE118897](ncbi-geo:GSE118897){#intref0035} data. (C) UCA1 expression levels were analyzed in 30 paired human gastric cancer tissues and normal tissues from TCGA data. (D) UCA1 expression levels were analyzed in unpaired human gastric cancer tissues and normal tissues from TCGA data (normal = 33, tumor = 285).

Next, we used qRT-PCR to detect UCA1 expression in 60 paired gastric cancer samples and adjacent normal tissues. As shown in [Figure 2](#fig2){ref-type="fig"}A, UCA1 was significantly overexpressed in 60 paired GC tissues. Furthermore, we explored the correlation between UCA1 expression and the clinical-pathological factors of patients with GC. In general, UCA1 level was associated with invasion depth and TNM stage. Specifically, patients with deeper invasion depth or advanced TNM stage (III/IV) were associated with a higher UCA1 expression, whereas patients with shallower invasion depth or local TNM stage (I/II) were associated with a lower UCA1 level ([Figures 2](#fig2){ref-type="fig"}B and 2C).Figure 2UCA1 Expression Is Increased in Human Gastric Cancer Tissues and Correlates with Poor Prognosis(A) UCA1 expression was inspected by qRT-PCR and normalized to GAPDH expression in human gastric tissues compared with corresponding non-tumor tissues (n = 60). (B and C) UCA1 expression was significantly higher in patients with deeper invasion depth (B) and advanced TNM stage (C). (D) We divided the samples into high (above the median, n = 30) and low (below the median, n = 30) UCA1 expression groups according to median value of UCA1 levels. Patients with high levels of UCA1 expression are less likely to survive compared with low expression of UCA1 (p \< 0.001, log-rank test; \*p \< 0.05, \*\*p \< 0.01).

In addition, we divided the samples into high (above the mean, n = 30) and low (below the mean, n = 30) UCA1 expression groups, according to the median value of UCA1 levels. A chi-square test was performed to evaluate clinical-pathological factors between the two groups. Next, we attempted to evaluate the correlation between UCA1 expression and clinical outcomes. Kaplan-Meier analysis and the log-rank test were used to evaluate the effects of UCA1 expression and the clinicopathological characteristics on overall survival (OS). The median survival time for low UCA1 expression groups was 44.162 ± 2.442 months, while that for high UCA1 expression groups was only 30.646 ± 2.507 months. As shown in [Figure 2](#fig2){ref-type="fig"}D, overexpression of UCA1 predicted a poor prognosis in patients with GC (p \< 0.01). In addition, univariate survival analysis showed that TNM stage, lymph node metastasis, tumor differentiation, and UCA1 expression level were significantly associated with the OS of patients. Multivariate Cox regression analyses showed that TNM stage (p = 0.025) and lymph node metastasis (p = 0.024) were independent prognostic factors for gastric cancer patients ([Table S1](#mmc1){ref-type="supplementary-material"}).

Knock Down of UCA1 Impaired GC Cell Proliferation and Migration *In Vitro* {#sec2.2}
--------------------------------------------------------------------------

To investigate the biological functions of UCA1 in gastric cancer cells, we first detected the expression of UCA1 in a normal human gastric mucosa cell line (GES-1) and diverse human GC cell lines using qRT-PCR analysis. As shown in [Figure S1](#mmc1){ref-type="supplementary-material"}A, UCA1 expression was significantly upregulated in two GC cell lines (BGC-823 and SGC-7901) compared with GES-1. Thus, the BGC-823 and SGC-7901 cell lines were chosen for further study. Next, we performed knock down of UCA1 in BGC-823 and SGC-7901 cells by transfecting them with small interfering RNA (siRNA) ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Then MTT assays showed that knock down of UCA1 expression significantly inhibited cell proliferation compared with the control cells ([Figure 3](#fig3){ref-type="fig"}A). Similarly, the result of a colony formation assay revealed that clonogenic survival of BGC-823 and SGC-7901 cells was significantly impaired following the knock down of UCA1 ([Figure 3](#fig3){ref-type="fig"}B). EdU staining assays also showed that decreased UCA1 expression inhibited BGC-823 and SGC-7901 cell proliferation ([Figure 3](#fig3){ref-type="fig"}C).Figure 3Effects of UCA1 on Gastric Cell Proliferation and Cell Cycle Progression *In Vitro*(A) MTT assays were used to determine the viability of UCA1 knockdown in BGC-823 and SGC-7901 cells by using siRNAs. (B) Colony formation assays were performed to determine the cell proliferation of UCA1 knockdown in BGC-823 and SGC-7901 cells. (C) Proliferating BGC-823 and SGC-7901 cells were labeled with EdU (red); cell nuclei were stained with DAPI (blue). (D) Transwell assays were used to determine the changes in migratory and invasive abilities of gastric cancer cells. \*\*p \< 0.01.

Next, transwell assays were performed to investigate the role of UCA1 on gastric cancer cell migration ability. The results revealed that knock down of UCA1 significantly repressed cell migration compared with the control cells ([Figure 3](#fig3){ref-type="fig"}D). These results indicated that knock down of UCA1 had tumor-suppressive effects that could inhibit migration in GC cells.

Knock Down of UCA1 Could Induce Cell-Cycle Arrest and Apoptosis of Gastric Cancer Cells {#sec2.3}
---------------------------------------------------------------------------------------

To examine whether the effect of UCA1 on the proliferation of GC cells reflected cell-cycle arrest, cell cycle progression was analyzed by flow cytometry analysis. The results revealed that BGC-823 and SGC-7901 cells transfected with si-UCA1 had an obvious cell-cycle arrest at the G1/G0 phase and a decreased G2/S phase ([Figure 4](#fig4){ref-type="fig"}A).Figure 4Knock Down of UCA1 Induced Cell-Cycle Arrest and Apoptosis of Gastric Cancer Cells(A) At 48 h after transfection, cell cycle was analyzed by flow cytometry. The bar chart represents the percentage of cells in G1--G0, S, or G2--M phase, as indicated. (B) Flow cytometry was performed to detect the apoptotic rates of BGC-823 and SGC-7901 cells after UCA1 knockdown. LR, early apoptotic cells; UR, terminal apoptotic cells. \*p \< 0.05, \*\*p \< 0.01.

To further determine whether GC cell proliferation was influenced by cell apoptosis, we performed flow cytometry analysis. The results showed that GC cells transfected with UCA1 siRNA showed a higher apoptotic rate in comparison with control cells ([Figure 4](#fig4){ref-type="fig"}B). Collectively, these data indicate that UCA1 exerts an oncogenic effect to promote the proliferation of GC cells.

UCA1 Regulated GC Cell Proliferation and Migration *In Vivo* {#sec2.4}
------------------------------------------------------------

We next explored the role of UCA1 in tumor-initiating formation of GC *in vivo*. We performed subcutaneous injection of BALB/c nude mice with stable knock down of sh-UCA1 and shCtrl BGC-823 cells. At 16 days after the injection, the tumors that formed in the sh-UCA1 group were substantially smaller than those in the control group ([Figures 5](#fig5){ref-type="fig"}A and 5C). Moreover, the mean tumor weight at the end of the experiment was markedly lower in the sh-UCA1 group compared with the control vector group ([Figure 5](#fig5){ref-type="fig"}B). Tumors formed from stably sh-UCA1-transfected BGC-823 cells exhibited decreased positivity for Ki-67 than those from control cells ([Figure 5](#fig5){ref-type="fig"}D). These findings indicate that knock down of UCA1 inhibits tumor growth *in vivo*.Figure 5UCA1 Regulates Tumorigenesis and Metastasis of Gastric Cancer Cells *In Vivo*(A) The nude mice were injected with BGC-823 cells, which were transfected with empty vector or sh-UCA1, respectively. Tumors formed in the sh-UCA1 group were smaller than those in the control group. (B) Tumor volumes were calculated after injection every 3 days. (C) Tumor weights were represented as means of tumor weights ± SD. (D) The tumor sections were under H&E staining and IHC staining using antibodies against Ki-67. (E) The analysis of an experimental metastatic animal model was transferred steadily UCA1 to the nude mouse by injecting SGC-7901 cells. Lungs from mice in each experimental group, with the numbers of tumor nodules on lung surfaces, are shown. Visualization is of the entire lung and H&E-stained lung sections. \*p \< 0.05, \*\*p \< 0.01.

To validate the effects of UCA1 on the metastasis of SGC-7901 cells *in vivo*, SGC-7901 cells stably transfected with sh-UCA1 or control vector were injected into the tail veins of nine mice. Metastatic nodules on the surface of the lungs were counted after 7 weeks. Knock down of UCA1 reduced the number of metastatic nodules compared with the control group ([Figure 5](#fig5){ref-type="fig"}E). This difference was further confirmed following the examination of the entire lungs and through H&E staining of lung sections. Our *in vivo* data therefore complemented the results of functional *in vitro* studies involving UCA1.

The Global Gene Expression Profile Mediated by UCA1 {#sec2.5}
---------------------------------------------------

To analyze the UCA1-associated gene transcriptional changes, we performed RNA transcriptome sequencing to assess the gene expression profiles of control or siRNAs against UCA1. The results showed that the expressions of 308 genes were upregulated (log2 fold change ≥ 2) and those of 222 genes were downregulated (\|log2 fold change\| ≥ 2) ([Figure 6](#fig6){ref-type="fig"}A; [Table S2](#mmc1){ref-type="supplementary-material"}) in BGC-823 cells with UCA1 knockdown compared with that in control cells. Gene Ontology (GO) analysis showed that these genes are involved in the biological processes of cell proliferation, cell cycle, and cell adhesion among others ([Figure 6](#fig6){ref-type="fig"}A). Several upregulated or downregulated genes that contribute to gastric cancer were selected and confirmed by qPCR assays ([Figure 6](#fig6){ref-type="fig"}B). Among these genes, p21 attracted our attention because of its established tumor suppressor role in tumorigenesis and it being involved in the cancer cell cycle.[@bib24] In addition, SPYR1 has been identified as a tumor suppressor that is involved in cancer cell proliferation, apoptosis, and invasion.[@bib25] Hence, we chose p21 and SPYR1 for further investigation.Figure 6RNA-Seq after UCA1 Knockdown in BGC-823 Cells(A) Mean-centered, hierarchical clustering of genes altered (≥2-fold change) in si-NC-treated cells and siRNA-UCA1-treated cells, with three repeats. Gene ontology analysis for all genes with altered expressions. (B) The altered mRNA levels of genes were selectively confirmed by qRT-PCR in knockdown UCA1. \*p \< 0.05, \*\*p \< 0.01.

UCA1 Epigenetically Suppressed p21 and SPRY1 Transcription by Interacting with EZH2 {#sec2.6}
-----------------------------------------------------------------------------------

To explore the mechanism for UCA1-mediated regulation, here we first analyzed the distribution of the UCA1 transcript in GC cells, and we found that it mostly localized in the nucleus, which suggested that it plays a major regulatory function at the transcriptional level ([Figure 7](#fig7){ref-type="fig"}A).Figure 7UCA1 Could Directly Bind with EZH2(A) After nuclear and cytosolic separation, RNA expression levels were measured by qRT-PCR. GAPDH was used as a cytosol marker and U6 was used as a nucleus marker. (B) RIP experiments were performed in BGC-823 and SGC-7901 cells, and the coprecipitated RNA was subjected to qRT-PCR for UCA1. HOTAIR was used as a positive control. The fold enrichment of UCA1 in EZH2 RIP is relative to its matching immunoglobulin G (IgG) control RIP. \*p \< 0.05, \*\*p \< 0.01.

Recent studies have reported that a larger number of lncRNAs have been identified to function in cooperation with PRC2 (polycomb repressive complex 2) to promote epigenetic activation or silencing of gene expression, especially in cancer.[@bib26], [@bib27], [@bib28] PRC2, a methyltransferase that is composed of EZH2, SUZ12, and EED, can catalyze the di- and trimethylation of lysine residue 27 of histone 3 (H3K27me3), thus epigenetically modulating gene expression.[@bib29] Approximately 20% of all human lncRNAs have been shown to physically associate with PRC2, suggesting that lncRNAs may have a general role in recruiting polycomb group proteins to their target genes.[@bib30] In addition, aberrations in PRC2 are closely related to carcinogenesis.[@bib31] Previous research found that UCA1 could bind to EZH2.[@bib20]

To determine whether UCA1 regulates the potential targets through binding to EZH2 in GC cells, we performed RNA immunoprecipitation (RIP) assays for EZH2 and SUZ12 in GC cells. The results showed that UCA1 could bind with EZH2 and SUZ12, but its interaction with EZH2 was stronger; whereas HOTAIR, which could bind to PRC2, was used as positive control ([Figure 7](#fig7){ref-type="fig"}B). Moreover, we found that knock down of UCA1 did not affect the expression of EZH2 ([Figure S2](#mmc1){ref-type="supplementary-material"}A), and knock down of EZH2 could inhibit cell proliferation and migration in BGC-823 cells ([Figures S2](#mmc1){ref-type="supplementary-material"}B--S2D). Together, these results demonstrated a specific association between EZH2 and UCA1.

Then the role of EZH2 in the suppression of UCA1-suppressed genes was investigated by EZH2 knockdown. As shown in [Figure 8](#fig8){ref-type="fig"}A, we first transiently depleted the expression of EZH2 in BGC-823 and SGC-7901 cells. In addition, we observed that the loss of UCA1/EZH2 was associated with the upregulation of p21 and SPYR1 at the mRNA and protein levels ([Figure 8](#fig8){ref-type="fig"}B). We then performed chromatin immunoprecipitation (ChIP) assays to examine the regulatory mechanisms. Our results found that knock down of UCA1 decreased the binding of EZH2 and H3K27 trimethylation levels across the promoters of p21 and SPYR1, confirming that p21 and SPYR1 were abona targets of UCA1-regulated genes ([Figure 8](#fig8){ref-type="fig"}C). These results suggest that UCA1 affects GC cell growth and metastasis at least partly through the epigenetic repression of p21 and SPYR1, by interacting with EZH2.Figure 8UCA1 Silences the Transcription of p21 and SPRY1 through Binding to EZH2(A) Relative protein expression levels of EZH2 in BGC-823 and SGC-7901 cells transfected with si-NC or si-EZH2. (B) Relative mRNA levels of p21 and SPRY1 in BGC-823 and SGC-7901 cells transfected with si-NC or si-UCA1. Western blot assays detected the expression of p21 and SPRY1 after knock down of UCA1/EZH2 in BGC-823 and SGC-7901 cells. (C) ChIP-qPCR of EZH2 discern and H3K27me3 binding in the p21 and SPRY1 promoter in two gastric cancer cell lines. \*p \< 0.05, \*\*p \< 0.01.

Discussion {#sec3}
==========

In the past decade, the functions of lncRNAs have been less understood compared to short ncRNAs. lncRNAs played a vital role in the regulation of human normal development and differentiation.[@bib32]^,^[@bib33] Dysregulated lncRNA expression was associated with disease generation and development, including cancer progression.[@bib34]^,^[@bib35] For example, our previous work found that CCAT1 could regulate cell proliferation and migration in esophageal squamous cell carcinoma.[@bib34] A large number of lncRNAs was expressed disorderly in gastric cancer and acted as oncogenes or cancer suppressors, which opens avenues for the use of lncRNAs in the identification and treatment of novel diagnostic or predictive biomarkers and targets.

For instance, our previous study showed that HOTAIR could also function as a competing endogenous RNA by sponging miR-331-3p.[@bib36] We also found that a novel lncRNA, HOXC-AS3, is upregulated in gastric cancer and regulates cell proliferation and migration by binding to YBX1.[@bib37] In this study, we analyzed the expression levels of UCA1 in human gastric cancer tissues by using raw microarray data downloaded from GEO (GEO: [GSE118897](ncbi-geo:GSE118897){#intref0020}) and TCGA. We discovered that the UCA1 expression levels were upregulated in gastric cancerous tissues compared with noncancerous tissues. Meanwhile, high UCA1 expression in gastric cancer was significantly correlated with advanced TNM stage, lymph node metastasis, tumor differentiation, and patients' prognosis. More importantly, there has been no study that revealed the molecular mechanism and downstream targets of UCA1 in GC until now.

Here we demonstrated that the knock down of UCA1 inhibited gastric cancer cell proliferation and metastasis and promoted cell apoptosis. The results of animal experiments showed that the knock down of UCA1 suppressed gastric cancer cell tumorigenesis and metastasis *in vivo*. The results of RNA-seq with GO analysis showed that UCA1 regulates proliferation and apoptosis-related gene expression after UCA1 knockdown in gastric cancer cells. Furthermore, this study provided evidence for the first time that UCA1 exerted oncogenic functions in human GC cells by interacting with EZH2 and repressing p21 and SPYR1 expressions, thus regulating the proliferation and metastasis of gastric cancer.

As a target of UCA1, p21 is a cyclin-dependent kinase (CDK) inhibitor. It is downregulated in a variety of cancer types and plays critical roles in multiple cellular processes during unperturbed cell growth.[@bib38]^,^[@bib39] It could inhibit cell proliferation in normal and cancer cells by inhibiting the activity of kinases related to G1/S transition, such as CyclinD/CDK4, CyclinD/CDK6, and CyclinE/CDK2.[@bib40]^,^[@bib41] In addition, PRC2-mediated histone methylation contributes to the repression of p21.[@bib42]

As another target of UCA1, SPRY1, as part of the mammalian Sprouty gene family consisting of four members (SPRY1--4), may have a tumor suppressor function in specific tumors, as its expression is downregulated in several human cancers, such as prostate and breast cancers.[@bib43], [@bib44], [@bib45] Subsequent studies showed that the overexpression of SPRY1 inhibited cell proliferation, migration, and invasion in tumor cell lines.[@bib46]^,^[@bib47] However, so far very little is known about the specific functional role and the mechanism of this gene in GC. Moreover, previous studies have found that DNA methylation in the SPRY1 promoter region is responsible for downregulating SPRY1 expression.[@bib47]^,^[@bib48] Our results found that histone methylation (H3K27me3) mediated by UCA1 could also contribute to the lower expression of SPRY1 in gastric cancer. In addition, studies have reported that histone methylation usually cooperates with DNA methylation in heritable repression of gene activity.[@bib49], [@bib50], [@bib51], [@bib52] Here we provide the evidence that the transcriptional regulation of p21 and SPRY1 is partly mediated by UCA1 in the tumor progression of GC, through interacting with EZH2, thus facilitating GC cell proliferation and metastasis.

In summary, we have shown that UCA1 expression was upregulated in GC tissues, suggesting that its upregulation may be a negative prognostic factor for GC patients. Moreover, UCA1 could regulate gastric cancer cell proliferation and metastasis both *in vitro* and *in vivo*. As for the underlying molecular mechanism, UCA1 mediated the oncogenic effects partially through its epigenetic silencing of the p21 and SPRY1 expressions by binding to EZH2. Our findings further the understanding of GC pathogenesis, and they facilitate the development of lncRNA-directed diagnostics and therapeutics against this disease.

Materials and Methods {#sec4}
=====================

Tissue Collection and Ethics Statement {#sec4.1}
--------------------------------------

A total of 60 primary gastric cancer tissues was collected from patients who had undergone surgery at the First Affiliated Hospital of Nanjing Medical University and the Second Affiliated Hospital of Nanjing Medical University. The study was approved by the Ethics Committee of Nanjing Medical University (Nanjing, Jiangsu, PR China), and it was performed in compliance with the Declaration of Helsinki Principles. Written informed consent was obtained for all patient samples.

Cell Lines {#sec4.2}
----------

Three human GC cell lines (BGC-823, SGC-7901, and MGC803) and a normal gastric epithelium cell line (GES-1) were purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). BGC-823 and MGC803 cells were cultured in RPMI 1640; SGC-7901 cells were cultured in DMEM (Gibco-BRL), supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen, Carlsbad, CA, USA) at 37°C and 5% CO~2~.

RNA Extraction and qPCR Assays {#sec4.3}
------------------------------

Total RNA was isolated with Trizol reagent (Invitrogen) according to the manufacturer's instructions. Total RNA (1 μg) was reverse transcribed in a final volume of 20 μL under standard conditions for the PrimeScript RT reagent Kit (TaKaRa, Dalian, China). SYBR Premix Ex Taq (TaKaRa, Dalian, China) was used to determine UCA1 and targets' expression levels, following the manufacturer's instructions. Results were normalized to the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The specific primers are shown in [Table S3](#mmc1){ref-type="supplementary-material"}.

Cell Transfection {#sec4.4}
-----------------

GC cells were transfected with siRNAs and plasmid vectors using Lipofectamine 2000 (Invitrogen, USA), in accordance with the manufacturer's protocol. Three individual UCA1 siRNAs and scrambled negative control siRNA (si-NC) were purchased from Invitrogen. The nucleotide sequences of siRNAs for UCA1 and EZH2 are listed in [Table S3](#mmc1){ref-type="supplementary-material"}. At 48 h post-transfection, cells were harvested for qRT-PCR or western blot analysis.

Cell Proliferation Analysis {#sec4.5}
---------------------------

Cell viability was tested with an MTT kit (Sigma) according to the manufacturer's instructions. For the colony formation assay, a certain number of transfected cells were placed in each well of 6-well plates and maintained in proper media containing 10% FBS for 2 weeks, during which the medium was replaced every 4 days. Colonies were then fixed with methanol and stained with 0.1% crystal violet (Sigma) in PBS for 15 min. Colony formation was determined by counting the number of stained colonies. For the EdU incorporation assay, cells were cultured in 24-well plates; 10 μM EdU was added to each well, and cells were cultured for an additional 2 h. Then the cells were fixed with 4% formaldehyde for 30 min. After washing, EdU could be detected with a Click-iTR EdU Kit for 30 min, and the cells were stained with DAPI for 10 min and visualized using a fluorescent microscope (Olympus, Tokyo, Japan). The EdU incorporation rate was expressed as the ratio of EdU-positive cells to total DAPI-positive cells (blue cells), which were counted using Image-Pro Plus (IPP) 6.0 software (Media Cybernetics, Bethesda, MD, USA).

Flow Cytometry Analysis {#sec4.6}
-----------------------

Transfected cells were harvested after 48-h transfection. Then the double staining with fluorescein isothiocyanate (FITC)-Annexin V and propidium iodide was done by the FITC Annexin V Apoptosis Detection Kit (BD Biosciences), according to the manufacturer's recommendations. The cells were analyzed with a flow cytometer (FACScan; BD Biosciences) equipped with Cell Quest software (BD Biosciences). Cells were discriminated into viable cells, dead cells, early apoptotic cells, and apoptotic cells, and then the relative ratio of early apoptotic cells was compared with control transfection from each experiment. Cells for cell cycle analysis were stained with propidium oxide by the CycleTEST PLUS DNA Reagent Kit (BD Biosciences), following the protocol, and analyzed by FACScan. The percentages of cells in G0--G1, S, and G2--M phases were counted and compared.

Cell Migration and Invasion Assays {#sec4.7}
----------------------------------

For cell migration and invasion assays, 24-well transwell chambers with 8-μm pore size polycarbonate membrane were used (Corning, Corning, NY, USA). Cells were seeded on the top side of the membrane pre-coated with Matrigel (Becton Dickinson, Franklin Lakes, NJ, USA) (without Matrigel for cell migration assay). After incubation for 24 h, cells inside the upper chamber were removed with cottons swabs, while cells on the lower membrane surface were fixed and then stained with 0.5% crystal violet solution. Five random fields were counted in each well.

*In Vivo* Assay {#sec4.8}
---------------

Athymic male mice were purchased from the Animal Center of the Chinese Academy of Science (Shanghai, China) and maintained in laminar flow cabinets under specific pathogen-free conditions. For cell proliferation assay *in vivo*, BGC-823 cells were stably transfected with small hairpin RNA (shRNA) and empty vector and harvested from cell culture plates; then cells were xenografted into BALB/c male nude mice. The tumor volumes and weights were measured every 2 days in mice; the tumor volumes were measured as length × width^2^ × 0.5. At 16 days after injection, the mice were killed, and tumor weights were measured and used for further analysis. SGC-7901 cells were stably transfected with shRNA and empty vector and harvested from cell culture plates, washed with PBS, and re-suspended at 2 × 10^7^ cells/mL. Suspended cells (0.1 mL) were injected into the tail veins of three mice, which were sacrificed 7 weeks after injection. The lungs were removed and photographed, and visible tumors on the lung surface were counted. This study was carried out in strict accordance with the Guide for the Care and Use of Laboratory Animals of the NIH. Our protocol was approved by the Committee on the Ethics of Animal Experiments of Nanjing Medical University.

RNA-Seq Bioinformatic Analysis {#sec4.9}
------------------------------

The mRNA sequencing (mRNA-seq) experiments were performed by Novelbio (Shanghai, China). The mRNA-seq library was prepared for sequencing using standard Illumina protocols. Briefly, total RNAs from scrambled or si-UCA1-transfected BGC-823 cells were isolated using TRIzol reagent (Invitrogen). To remove any contaminating genomic DNA, the total RNA was treated with RNase-free DNase I (New England Biolabs, MA, USA). mRNA extraction was performed using Dynabeadsoligo(dT) (Invitrogen Dynal). Superscript II reverse transcriptase (Invitrogen) and random hexamer primers were used to synthesize double-stranded complementary DNAs. To create the mRNA-seq library, the cDNAs were then fragmented by nebulization and the standard Illumina protocol followed. For the data analysis, basecalls were performed using CASAVA. Reads were aligned to the genome using the split read aligner TopHat (version \[v.\]2.0.7) and Bowtie2, using default parameters. HTSeq was used for estimating abundances.

Subcellular Fractionation Location {#sec4.10}
----------------------------------

The separation of nuclear and cytosolic fractions was performed using the PARIS Kit (Life Technologies, Carlsbad, CA, USA), according to the manufacturer's instructions.

RNA Immunoprecipitation Assays {#sec4.11}
------------------------------

RIP experiments were performed using a Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, USA), according to the manufacturer's instructions. Antibody for RIP assays of EZH2 and SUZ12 were from Abcam.

Chromatin Immunoprecipitation Assays {#sec4.12}
------------------------------------

ChIP assays were performed using EZ-CHIP KIT according to the manufacturer's instructions (Millipore, USA). EZH2 was obtained from Abcam. H3 trimethyl Lys 27 antibody, Histone H3, and Acetyl-Histone H3 Lys27 were from Millipore. The ChIP primer sequences are listed in [Table S2](#mmc1){ref-type="supplementary-material"}. Quantification of immunoprecipitated DNA was performed using qPCR. ChIP data were calculated as a percentage relative to the input DNA by the following equation: 2^\[Input\ Ct\ −\ Target\ Ct\]^ × 100 (%).

Western Blot Assay and Antibodies {#sec4.13}
---------------------------------

Cell protein lysates were separated by 10% SDS-PAGE, transferred to 0.22-μm NC membranes (Sigma), and incubated with specific antibodies. Autoradiograms were quantified by densitometry (Quantity One software; Bio-Rad). GAPDH antibody was used as a control. Anti-EZH2, Anti-P21, and Anti-SPRY1 were from Abcam (Hong Kong, China).

Statistical Analysis {#sec4.14}
--------------------

All statistical analyses were performed using SPSS 20.0 software (IBM, SPSS, USA). The significance of differences between groups was estimated by Student's t test, χ2 test, or Wilcoxon test, as appropriate. OS rates were calculated by the Kaplan-Meier method with the log-rank test applied for comparison. Survival data were evaluated using univariate and multivariate Cox proportional hazards model. Variables with a value of p \< 0.05 in univariate analysis were used in subsequent multivariate analysis on the basis of Cox regression analyses. Two-sided p values were calculated, and a probability level of 0.05 was chosen for statistical significance.
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